In Twinning Induced Plasticity (TWIP) steels, delayed fracture occurs due to residual stresses induced during deep drawing. In order to investigate the relation between residual stresses and delayed fracture, in the present study, residual stresses of deep drawn TWIP steels (22Mn-0.6C and 18Mn-2Al-0.6C steels) were investigated using the finite element method (FEM) and neutron diffraction measurements. In addition, the delayed fracture properties were examined by dipping tests of cup specimens in the boiled water. In the FEM analysis, the hoop direction residual stress was highly tensile at cup edge, and the delayed fracture was initiated by the separation of hoop direction and propagated in an axial direction. According to the neutron diffraction analysis, residual stresses in 18Mn-2Al-0.6C steel were about half the residual stresses in 22Mn-0.6C steel. From the residual strain measurement using electron back-scatter diffraction, formation of deformation twins caused a lot of grain rotation and local strain at the grain boundaries and twin boundaries. These local residual strains induce residual stress at boundaries. Al addition in TWIP steels restrained the formation of deformation twins and dynamic strain aging, resulting in more homogeneous stress and strain distributions in cup specimens. Thus, in Al-added TWIP steels, residual stress of cup specimen considerably decreased, and delayed fracture resistance was remarkably improved by the addition of Al in TWIP steels.
I. INTRODUCTION

TWINNING Induced Plasticity (TWIP) steels with a
Mn content of approximately 20 wt pct have become a subject of special interest because high-Mn TWIP steels have higher strength and ductility than dual phase steels or Transformation Induced Plasticity (TRIP) steels. [1] [2] [3] [4] [5] Despite these mechanical advantages, the commercialization of high-Mn TWIP steels has been sluggish, as the high-Mn content often causes problems such as reduced productivity during steel making, and cracking during hot rolling. [6] [7] [8] [9] TWIP steels containing Al with reduced Mn content have also been developed to improve formability and to prevent delayed fracture. [7] [8] [9] [10] Recently, Hong et al. [10] reported that the cracking or delayed fracture did not take place in an Al-added TWIP steel after the cup forming, whereas it frequently occurred in a high-Mn TWIP steel. This was explained in terms of stress concentration and high residual stress at certain locations of the cup specimen of the high-Mn steel. However, the mechanisms of the cup formability, i.e., deep drawability, have not been sufficiently investigated because the cup formability required precise analyses of stress distributions, which vary with the location within a deformed cup. In addition, no detailed analysis of residual stress inevitably developed during the cup forming process was performed. What was reported, though, was an indication that the strain hardenability and stresses varied from one location of the cup specimen to another. [7] Indeed, residual stress is one of the critical factors governing delayed fracture behavior of high strength steels.
For an accurate evaluation of residual stress of TWIP steels, understanding of the relationship among microstructure, cup formability, and strain hardenability is required. One of the simplest ways to investigate the distribution of residual stress is experimental measurement of hardness, followed by mathematically quantification of the results in order to describe the strain hardenability effectively. [11] Various experimental techniques for measuring residual stresses, such as the X-ray diffraction method, [12] [13] [14] non-destructive nano-indentation method, [15] and destructive sectioning method, [16] have also been developed. Despite these research efforts, many difficulties still need to be resolved to correlate macroscopic cup formability with microscopic residual stresses and the underlying deformation mechanisms and to systematically analyze and predict cup formability. In many cases, the measurement of residual stresses is simply taken into consideration in materials design, but this involves many trials and errors in the material design. From this understanding of residual stress, it is possible to improve cup formability and the resistance of TWIP steels to delayed fracture. In order to measure the residual stress of a high-Mn TWIP steel and an Al-added TWIP steel after the cup forming test experimentally, the spatially resolved neutron strain scanning was conducted using a neutron diffractometer. The results were then compared with residual stress distributions in the cup specimen simulated by the finite element method (FEM). Based on the results of residual stress distributions, effects of Al addition on improvement of cup formability and delayed fracture resistance were discussed.
II. EXPERIMENTAL PROCEDURE
Two TWIP steels were fabricated using a vacuum induction melting method; their chemical compositions were 0.6C-22Mn and 0.6C-18Mn-2Al. Their chemical compositions were measured by the emission spectrochemical analysis method, and the results are shown in Table I . For convenience, these steels are referred to as ''22Mn'' and ''18MnAl,'' respectively. In the 18MnAl steel, 2 wt pct of Al was added to increase the stacking fault energy. [17] [18] [19] [20] After thick plates of 30 mm in thickness were homogenized at 1423 K (1150°C) for 1 hour, they were hot-rolled at 1373 K (1100°C). The finish rolling temperature was 1173 K (900°C). The hot-rolled steel sheets of 2.5 mm in thickness were water-cooled to 723 K (450°C), rolled at this temperature to make 1.4-mm thick sheets, held at 1073 K (800°C) for 0.5 minutes, and waterquenched. The yield strength, ultimate tensile strength, and elongation measured from the true stress-true strain curve of the two steel sheets are listed in Table II . It is seen that the ultimate tensile strength, elongation, and strain hardening of the 18Mn2Al steel are lower than those of the 22Mn steel, while the yield strength is slightly higher.
Cup forming tests were conducted on steel sheet disks (diameter: 90 mm, thickness: 1.4 mm) under a load of 19.6 kN by a universal sheet and strip metal testing machine of 490 kN capacity (model; USM-50-2, Tokyo testing machine manufacturing, Tokyo, Japan). The diameter of the extrusion die was 53.88 mm; the extrusion distance, the drawing ratio, and the extrusion rate were 50 mm, 1.8, and 60 mm/minutes, respectively. Because stress-strain condition of the cup specimens varied with location, it is difficult to estimate the distribution of residual stress of the cup specimens. In order to investigate the distribution of residual stress of the cup specimens, computer simulations of deformation using the elasto-plastic FEM was conducted using a commercial package ABAQUS (Dassault Syste`mes Simulia, Inc., USA). The principal stresses (r rr , r zz , and r hh ) in the radial direction (RD), axial direction (AD), and hoop direction (HD), respectively, and their distributions were calculated. In order to simulate cup forming of TWIP steels, FEM simulation conditions were same as those of real cup forming tests, and mechanical properties (true stress-true strain) of TWIP steels are reflected in FEM simulation. The cup drawing specimen was modeled as a deformable body and meshed (0.1 9 0.1 mm rectangular shape) with 5400 linear quadrilateral CAX4R elements. The detailed FEM analysis conditions were described in a foregoing paper. [9] In order to measure the residual stress in the cup specimen experimentally, the spatially resolved neutron strain scanning was conducted by using a neutron diffractometer installed at Korea Atomic Energy Research Institute (KAERI). A bent-perfect crystal monochromator, Si (220), was used for a take-off angle of 45 deg to supply a neutron beam of 1.46 Å . For the residual stress determination, the (3 1 1) diffraction peak of the FCC austenite was measured with the diffraction angle (2h) of 84.6 deg. Since the steel sheets were quite thin (1.4 mm), the neutron beam having scattering gauge volume of 1 mm 3 was used for precise measurement. Because residual stresses are calculated using the difference between the stressed lattice spacing (d) and stress-free lattice spacing (d 0 ), it is important to measure the accurate stress-free lattice spacing of samples for the accurate determination of residual stresses by neutron diffraction. As d 0 is significantly dependent on the microstructure, it is essential to measure the d 0 value at the same location in which residual stresses are measured. [21] Thus, the neutron diffraction of the cup specimen was measured along the RD, AD, and HD, as shown in Figure 1 (a) and was then compared with the neutron diffraction of the stress-free sample. Stress-free samples were collected from the same cup location by an electro-discharge machine, and stress relive annealing treatments were performed (Figure 1(b) ). Neutron diffraction was measured along the RD, AD, and HD at locations of 1.5 mm (edge region) and 15 mm (wall center region) from the cup edge, as shown in Figure 1 (c). Variations in peak positions of Gaussian distributions of the cup specimen and stress-free sample were converted into the residual stresses. Peaks obtained from the neutron diffraction for a cup specimen and a stress-free one were analyzed by the least square Gaussian fitting method. After the peak positions were determined, the elastic lattice strain (e) was calculated by the following equation:
where d and d 0 are interplanar spacings, and h and h 0 are diffraction angles of the stressed and stress-free samples, respectively. [21, 22] Supposing that radial, axial, and hoop strains are three orthogonal strain components, and elastic strains (e rr , e zz , and e hh ) are converted to residual stresses (r rr , r zz , and r hh ) using a generalized Hooke's law:
where i is the radial, axial, or hoop component corresponding to the three orthogonal directions in a given cup specimen. The diffraction elastic constant (E 311 ) of 183.5 GPa and Poisson's ratio (m 311 ) of 0.33 for an FCC austenitic Alloy 182 were used. [21] III. RESULTS
A. Residual Stresses Calculated from the FEM Analysis
The simulated residual stress components along the radial, axial, and hoop directions (r rr , r zz , and r hh ) after the cup forming of the 22Mn and 18MnAl steels are shown in Figures 2(a) and (b), respectively. Although the stress component distributions are almost the same in both steels, i.e., showing highly localized hoop stress r hh in the inner wall side and the cup edge, the higher stress values in the 22Mn steel than those in the 18MnAl steel are observed. The distributions of the residual stress components at locations of 1.5 mm (edge region) and 15 mm (wall center region) away from the cup edge are plotted as a function of the distance from the inner wall surface, as shown in Figures 3(a) and (b) . The radial residual stresses r rr are almost constant throughout the cup thickness-from the inner wall surface to the outer surface, and the absolute values of r rr are much lower than those of r zz , and r hh . The axial residual stresses r zz varied from compressive to tensile as the distance from the inner wall surface increases, and the absolute values are lower (more compressive) in the center (inner) region. The hoop residual stresses r hh are Fig. 2 -Distributions of the simulated residual stress components r rr , r zz , and r hh after the cup forming test of the (a) 22Mn and (b) 18MnAl steels. tensile in the cup edge region (Figure 3(a) ), while they varied from compressive to tensile in the wall center region, similar to r zz (Figure 3(b) ). The tensile residual stresses are quite high in the outer wall side to reach the maximum stress of 1000 MPa or higher at wall center. The maximum tensile residual stresses decrease with the distance from the outer wall surface. Especially, the tensile residual stresses are highest at the edge tip of cup specimens in which the delayed fracture cracking starts. Addition of Al is seen to cause a drop in the maximum residual stress. It is clearly recognized that the overall level of all components of residual stresses of the 18MnAl steel is lower.
B. Residual Stresses Measured by Neutron Diffraction
In order to compare the residual stresses of FEM simulation and neutron diffraction in same location, the residual stresses of FEM in the same area with neutron beam size were averaged at edge and wall center region; Table III , where they are compared with the averaged values calculated by FEM. Although the neutron diffractometer cannot measure the distribution of residual stresses along the thickness due to the relatively large gage volume of the beam, it can compare the average values of residual stresses at edge and wall center region in 22Mn and 18MnAl cup specimens. The measured radial residual stresses r rr are lower than r zz and r hh , and those of the edge region (at location of 1.5 mm away from the cup edge) are lower than those of the wall center region (at locations of 15 mm away from the cup edge). They are also lower in the 18MnAl steel than in the 22Mn steel. These trends seen in the measured residual stresses are well matched with those predicted by FEM, although the stress magnitude of the measured residual stress is two to four times higher than the level predicted by FEM.
IV. DISCUSSION
A. Effects of Deformation Twin Formation on Residual Stresses
It was confirmed that large tensile and compressive residual stresses are formed near outside and inside walls of the drawn cup, respectively, as shown in Figure 2 . These obviously result from the bending and unbending over the die lip during processing. The axial residual stress r zz is the largest at the 70 pct of the wall height. These results are consistent with those reported in the literature. [23, 24] This suggests that the present FEM simulations represent the real experimental data. However, as seen from Table III, the residual stress values calculated using the FEM simulations are much smaller than those obtained using neutron diffraction. In the FEM simulations, only macro-stress (at the scale of the size of the component) was calculated because the FEM simulation only considered mechanical properties of TWIP steels, geometric strains of cup, and isotropic material properties. By contrast, in the neutron diffraction method, all types of residual stresses (macro-stress, intergranular micro-stress, and intragranular microstress) in specimen were measured. [25, 26] Thus, effects of deformation twins on residual stresses were reflected in neutron diffraction results, which induced differences in FEM and neutron diffraction results as shown in Table III . In order to analyze residual stresses of TWIP steels after forming more accurately, effects of deformation twin formation on the residual stress should be considered, such as the mechanical properties, inhomogeneous deformation, anisotropic strain distribution, etc.
In order to investigate residual strain due to deformation twinning, electron back-scatter diffraction (EBSD) analysis was conducted repeatedly, after interrupt tensile tests, for 22Mn. Through the interrupt EBSD tests, microstructural changes in same location can be measured after each step of tensile tests. . [x-axis; distance from the inner wall surface, y-axis; residual stress along r rr , r zz , and r hh at edge region (MPa), residual stress along r rr , r zz , and r hh at wall center region].
Figures 4(a) to (b) are inverse pole figure (IPF) color maps and kernel average misorientation (KAM) maps of the same observation area after the tensile strains of 0, 3, and 5 pct. After 3 pct deformation, IPF map is almost the same as prior to deformation. However, after 5 pct strain, mechanical twins were formed, and austenite grains were rotated, which can be confirmed by the change in color of grains in the IPF images, as shown in Figure 4 (a). One can surmise that deformation twinning sets in at a strain somewhere between 3 and 5 pct. The changes of KAM maps are similar to what was found for IPF maps. The KAM map after 3 pct deformation is similar to that before straining. After deformation twins were formed (5 pct deformation);
however, KAM values were significantly increased at the grain boundaries and twin boundaries, cf. Figure 4(b) . This means that formation of deformation twins causes a lot of grain rotation and local strain at the grain boundaries and twin boundaries. These local residual strains at boundaries induce residual stress at boundaries. Recently, the results of synchrotron diffraction measurements during in situ tensile deformation of TWIP steels demonstrated that deformation twins were rotated to (2 0 0) tensile direction by slip deformation, and then high forward stress occurred along (2 0 0) tensile direction. [27, 28] Neutron diffraction tests of TWIP steels during in situ tensile deformation also showed that the largest lattice strain and tensile intergranular microstrain occurred along (2 0 0) direction. [29] Liss and Yan [28] reported that inhomogeneous and anisotropic strain distribution in TWIP steels caused large residual stress and spring back effect. In addition, deformation twins, lamellae shape of nano-size thickness, induced very high aspect ratio deformed region inside the grains. Under the applied stress, a forward stress occurred in the (relatively hard) twins and a backward stress occurred in the (relatively soft) matrix. [30] These stresses are a result of plastic strain incompatibility between a twin and the matrix, which inevitably induces residual stress. [30] Han et al. [31] reported that residual stress was higher in materials with greater difference in plasticity, and it also give rise to a more pronounced Bauschinger effect and a larger spring back effect. Bouaziz et al. [32] and Gutierrez-Urrutia et al. [33] measured high levels of the back-stress to flow stress ratio of the order of 50 and 20 pct, respectively (both result were obtained in 22Mn-0.6C TWIP steel by Bauschinger tests in shear). This was because differences in plasticity between twinned region and matrix increased the residual stress. Therefore, formation of deformation twins in TWIP steel increases residual stress because it induces inhomogeneous microstrain and micro-stress distribution.
B. Effects of Residual Stresses on Delayed Fracture
In order to compare the resistance to delayed fracture, the cup specimens were exposed to the air or dipped in the boiled water until they were cracked. Here, the dipping test in the boiled water was used to shorten the delayed fracture time. After checking the crack initiation of the cup specimens, the time for delayed fracture was measured. Although the cup specimens of the 22Mn-Cup and 18Mn2Al-Cup set were not cracked or fractured during the cup forming tests, the 22Mn-Cup underwent the delayed fracture after exposed to the air for 7 days, whereas no cracking occurred in 18Mn2Al-Cup, regardless of the exposed time to the air. The 22Mn-Cup was cracked after it was dipped in boiled water for 5.5 hours, while the 18Mn2Al-Cup was cracked after 169 hours. Delayed cracking occurred at the cup edge and then propagated along the cup forming direction. The hoop residual stress r hh was highly tensile, and the delayed fracture was initiated by the separation of material along the HD with subsequent propagation of the crack along the AD. Thus, when the tensile residual stress in the HD is large, cracks can be formed easily. The decreased residual stresses in the 18Mn2Al-Cup beneficially affected the delayed fracture (Table III) . In order to eliminate the residual stresses in cup specimens, isothermal heat-treatment was conducted at 843 K (570°C) for 30 minutes because dislocations were recovered at 838 K (565°C) in TWIP steels. [34, 35] The delayed cracking did not occur in the 22Mn-Cup-annealed and 18Mn2Al-Cup-annealed specimens, regardless of the exposed time to the air and dipped time in boiled water for 7 days. It means that the residual stresses are the essential ingredients for delayed fracture. It should be noted that hydrogen embrittlement and stress corrosion cracking did not occur as well without residual stress. This is because material embrittlement by hydrogen concentration is delayed without residual stress in materials. [36, 37] 
C. Effects of Al Addition on Residual Stresses and Delayed Fracture
The simulated residual stresses in 18Mn2Al-Cup are lower than those in 22Mn-Cup (Figure 2 ). This is because Al addition in TWIP steel decreases strain hardening rate due to restrain of formation of deformation twins (Table II) . It is noticeable that difference of residual stresses between 22Mn-Cup and 18Mn2Al-Cup measured by neutron diffraction is much greater than that calculated by the FEM simulations due to the effects of deformation twin on residual stress. Figures 5(a) to (b) show the image quality (IQ) maps and KAM maps of TWIP steels after 20 pct tensile elongation. Formation of deformation twins is suppressed by addition of Al, as shown in Figure 5 . The average value of KAM in 22Mn is 1.73, and the level of KAM is high at the grain boundaries and twin boundaries. Whereas, the average value of KAM in 18Mn2Al is 0.94, almost half of 22Mn, and the level of KAM is not severe at boundaries. It means that less local strain remains at grain boundaries, twin boundaries, and grain inside in 18Mn2Al. Kang et al. [38] also reported that Al addition in TWIP steels reduced microscopic strain through the in situ tensile neutron diffraction test. Their result also showed that (2 0 0) tensile intergranular micro-strain was decreased by Al addition. This is because less twin formation due to Al addition induces more homogeneous stress and strain distributions in materials as explained in Section IV-A.
In addition, in high-Mn TWIP steels, dynamic strain aging (DSA) occurred during tensile test at room temperature due to interaction between carbon atoms and twinning partial dislocations. [39, 40] It induced deformation bands (localized deformation) and inhomogeneous deformation, and results in decreased formability. Since residual stress is formed due to inhomogeneous deformation in materials, [41] macroscale inhomogeneous deformation due to DSA remarkably increases macro-scale residual stress. In Al-added TWIP steels, deformation bands were hardly formed as the deformation occurred homogeneously. [18] This was because the twin formation was restrained and because the movement and reorientation of C atoms were reduced by the addition of Al. [40] Thus, addition of Al in TWIP steels restrains DSA and promotes homogeneous deformation, and it results in reduction of residual stress. In addition, the addition of Al reduces the formation of grain boundary cementites. [18, 42] In previous study, it confirmed that grain boundary cementites deteriorated the resistance to delayed fracture because they induced high local shear stress concentration at grain boundary. [42, 43] These results show that making use of Al addition in TWIP steels is an effective way to reduce residual stresses and to improve delayed fracture resistance, because Al addition induces homogeneous stress and strain distribution in TWIP steels.
V. CONCLUSIONS
In the present study, residual stress and delayed fracture behavior of high-Mn and Al-added TWIP steels were investigated.
1. In both residual stresses of FEM and neutron diffraction, the axial residual stress r zz is highest at the wall center and the hoop residual stress r hh is highest at the edge, although the level of residual stresses is different. This is because the FEM simulation only considered mechanical properties of TWIP steels but the neutron diffraction considered not only mechanical properties but also effects of deformation twins. 2. In high-Mn TWIP steels, the KAM values were significantly increased at the grain boundaries and twin boundaries after the formation of deformation twins, which induced grain rotation and local strain concentration at boundaries. In addition, deformation twins caused heterogeneous stress distribution because of difference of plasticity between twinned region and matrix. These inhomogeneous local strain and stress distributions formed by deformation twins increased residual stresses. 3. In Al-added TWIP steels, the average value of KAM in 18Mn2Al is almost half of 22Mn, and the level of KAM is not severe at boundaries. This is because Al addition to TWIP steels restrained the formation of deformation twins and dynamic strain aging, which results in more homogeneous stress and strain distributions in the cup specimens. As a result, residual stresses of cup specimen decreased considerably. 4. Delayed cracking started at the cup edge, and then propagated along the cup forming direction, because the tensile residual stresses are high in the HD, especially in the cup edge region. Thus, when the tensile residual stress in the HD is large, cracks can be formed easily. When residual stresses of cup specimens were eliminated by annealing at 843 K (570°C) for 30 minutes, the delayed cracking did not occur even if they were dipped in boiled water for 7 days. The residual stresses are the essential ingredients and a root cause of the delayed fracture. 5. 22Mn-Cup underwent the delayed fracture after exposed to the air for 7 days, whereas no cracking occurred in 18Mn2Al-Cup, regardless of the exposed time to the air. The 22Mn-Cup was cracked after it was dipped in boiled water for 5.5 hours, while the 18Mn2Al-Cup was cracked after 169 hours. Resistance to delayed fracture was remarkably enhanced by Al addition to TWIP steels. This is because the decreased residual stress in the 18Mn2Al-Cup beneficially affects the resistance of the material to delayed fracture.
